The preparation of GaN virtual substrates on Si wafers via buffer layers is intensively pursued for high power/high frequency electronics as well as optoelectronics applications. Here, GaN is integrated on the Si platform by a novel engineered bilayer oxide buffer, namely, Sc 2 O 3 / Y 2 O 3 , which gradually reduces the lattice misfit of ϳ−17% between GaN and Si. Single crystalline GaN͑0001͒ / Sc 2 O 3 ͑111͒ / Y 2 O 3 ͑111͒ / Si͑111͒ heterostructures were prepared by molecular beam epitaxy and characterized ex situ by various techniques. Laboratory-based x-ray diffraction shows that the epitaxial Sc 2 O 3 grows fully relaxed on the Y 2 O 3 / Si͑111͒ support, creating a high quality template for subsequent GaN overgrowth. The high structural quality of the Sc 2 O 3 film is demonstrated by the fact that the concentration of extended planar defects in the preferred ͕111͖ slip planes is below the detection limit of synchrotron based diffuse x-ray scattering studies. Transmission electron microscopy ͑TEM͒ analysis reveal that the full relaxation of the Ϫ7% lattice misfit between the isomorphic oxides is achieved by a network of misfit dislocations at the Sc 2 O 3 / Y 2 O 3 interface. X-ray reflectivity and TEM prove that closed epitaxial GaN layers as thin as 30 nm can be grown on these templates. Finally, the GaN thin film quality is studied using a detailed Williamson-Hall analysis.
I. INTRODUCTION
Integration of GaN on the Si platform has high potential to improve the performance of Si circuits by adding new functionalities, enabling better high power and high frequency electronics ͓e.g., GaN high electron mobility transistor with Si complementary metal-oxide semiconductor ͑CMOS͔͒ as well as opening new opportunities in the fields of optoelectronics ͑e.g., GaN-based laser with Si CMOS͒.
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The use of large-size Si wafers as substrates for GaN creates furthermore a cost advantage with respect to currently used methods of GaN epitaxy on small-size, expensive SiC, and sapphire substrates. The challenge is to develop a manufacturing process for crack free, low dislocation density GaN films on large diameter Si wafers. Currently, two main approaches aiming at this target are layer transfer 5, 6 and heteroepitaxial thin film deposition techniques. 7 However, the layer transfer method ͑e.g., Smart Cut™͒ suffers from the fact that no single crystal GaN can be grown at a reasonable price, to provide a source for high quality GaN thin films. In this respect, it is at present the heteroepitaxy approach which results in an economic relationship between cost and quality. Nevertheless, it is extremely difficult to grow GaN directly on Si substrates due to the large lattice mismatch ͑ϳ−17%͒ and the difference in thermal expansion coefficients ͑ϳ55%͒. 8 In addition, Si is well known to heavily react with impinging Ga. To accommodate the misfit and avoid interfacial reactions, different semiconducting buffer layers including AlN, 9, 10 AlN/GaN multilayers 11 as well as AlGaN 12, 13 were used in the past. Recently, the rich physics and chemistry of oxide heterostructures was exploited to grow a flexible buffer system for Si and Ge integration on Si wafers. 14, 15 Indeed, the use of oxide buffers could also be beneficial for GaN integration on Si ͑Ref. 16͒ ͑e.g., substrate loss reduction in case of high frequency applications͒ and a number of oxides such as ZnO, 17, 18 ␥-Al 2 O 3 , 19, 20 and Sc 2 O 3 ͑Ref. 21͒ were recently tested. However, the limited stability of ZnO with respect to the N-source turned out to be problematic for high quality GaN growth at elevated temperatures. 22 Furthermore, ␥-Al 2 O 3 ͑111͒ grown on Si͑111͒ exhibits two types of stacking domains, which can lead to the formation of defects in GaN film. 23 First promising results concerning GaN epitaxy on Sc 2 O 3 / Si͑111͒ supports were reported. 21 The advantage of this approach is a high stability of the GaN/ Sc 2 O 3 interface. However, the large lattice misfit between Sc 2 O 3 and Si can result in a high defect density in the Sc 2 O 3 buffer and might limit the GaN layer quality.
In this work, we investigate the growth of GaN on Si͑111͒ using a novel engineered bi-layer buffer composed of two different bixbyite oxides ͑space group [24] [25] [26] ͑b͒ assure high temperature stability for GaN overgrowth, and ͑c͒ suppress GaN/Si interface reactions. 10 As main result, it is found in the present paper by complex laboratory and synchrotron x-ray diffraction ͑XRD͒ analyses that the growth of truly single crystalline GaN/ Sc 2 O 3 / Y 2 O 3 / Si͑111͒ heterostructures is feasible. The novel buffer approach is proven to result in fully relaxed Sc 2 O 3 films on Y 2 O 3 / Si͑111͒ supports with structural defect concentrations of preferred orientation ͑e.g., stacking faults on ͕111͖ slip planes͒ in the oxide films below the detection limit of modern 3rd generation synchrotron sources. Furthermore, the single crystalline GaN films are closed at a film thickness as low as 30 nm and can be grown at elevated temperatures on the engineered oxide buffer on Si͑111͒.
II. EXPERIMENTAL
The 4-in. boron-doped Si ͑111͒ wafers were used as substrates. To obtain atomically smooth Si surfaces, the wafers were cleaned by the standard piranha procedure and etched in NH 4 F according to a previously described recipe. 27, 28 Prior to the deposition, substrates were annealed in ultrahigh vacuum ͑UHV͒ for 5 min at 700°C to obtain high quality ͑7 ϫ 7͒-Si͑111͒ surfaces. 29 GaN/ Sc 2 O 3 / Y 2 O 3 / Si͑111͒ heterostructures were prepared in a multichamber molecular beam epitaxy ͑MBE͒ system without breaking the vacuum. Substrate temperature during growth of Y 2 O 3 and Sc 2 O 3 was 650°C and 500°C, respectively. The respective average growth rates were 1.5 nm/min and 2.5 nm/min. Pressure in the oxide chamber during deposition was in the order of 10 −6 mbar. After oxide deposition, samples were transferred under UHV to another MBE chamber for plasma assisted GaN growth. During GaN deposition, substrate temperature, growth rate, and III-V chamber pressure were 650°C, 1 nm/min, and 10 −5 mbar, respectively. During the growth, nitrogen was supplied through a radio frequency plasma source operated at an input power of 250 W.
A Philips CM300 transmission electron microscope ͑TEM͒ operated at 300 kV with a point resolution of 0.2 nm was used as a local probe to measure direct cross-sectional lattice images of the heterostructures. TEM photographs were taken along the bulk Si͗110͘ direction. To obtain global information about the sample structure, laboratory based x-ray reflectivity ͑XRR͒ and XRD studies were carried out using a Rigaku Smartlab diffractometer with Cu K ␣ radiation ͑ = 1.542 Å͒. 30 To gain further insight into the structural features of the heterostructures, synchrotron-based XRD studies were performed at the insertion device 32 beamline of the European synchrotron radiation facility in Grenoble ͑France͒. Here, a Kappa-Six circle diffractometer was used in the grazing incidence ͑GI͒ mode with an x-ray beam energy of 15 keV ͑ = 0.8265 Å͒. For the used wavelength, the critical angles of incidence for Si, Y 2 O 3 , Sc 2 O 3 , and GaN are 0.119°, 0.163°, 0.15°, and 0.18°, respectively. This results in bulk sensitive measurements at an incident angle ␣ i = 0.2°, and surface sensitive studies at ␣ i = 0.1°. For ␣ i = 0.1°, the theoretical penetration depth in the GaN was calculated to be about 2.5 nm. For GI-XRD the hexagonal Si͑111͒ surface coordinate system in reciprocal space is used with H, K, L pointing in the directions ͓211͔, ͓211͔, and ͓111͔ of the bulk Si lattice, respectively. To determine the growth orientation of the heterostack, a specular -2 XRD scan over an angular 2 range from 20°t o 130°was performed ͓Fig. 1͑b͔͒. Peak positions are indicated by the dashed lines. ͑111͒ diffraction peaks of different order n are clearly seen for the Si substrate ͑n=1, 2, 3͒ and for the Y 2 O 3 and Sc 2 O 3 layers ͑n=2, 4, 6͒. In addition, all detected GaN reflections can be assigned to ͑000n; n = 2, 4, 6͒ Bragg peaks of the hexagonal phase of GaN. The deduced vertical growth orientation is in consequence as follows: ͑111͒ / Si͑111͒ heterostructure was studied by Synchrotron radiation-GIXRD in-plane measurements performed at L = 0.03 r.l.u. ͑reciprocal lattice unit͒. The incident angle ␣ i of the x-ray beam was varied from 0.2°͑bulk sensitive͒ to 0.1°͑surface sensitive͒. Figure  2 shows the scans along the K-axis ͑corresponding to Si͓211͔͒ with K ranging from 0.5 to 6.2 r.l.u. The top curve, obtained with an incident angle of 0.2°, gives information about the entire heterostructure. The allowed Si͑422͒ and Si͑844͒ Bragg peaks from Si͑111͒ substrate are expected at K = 3 r.l.u. and K = 6 r.l.u., respectively. Due to the fact that the Y 2 O 3 layer is 5 nm thin, only one weak Y 2 O 3 ͑844͒ reflection is detected at K = 3.081 r.l.u. The weak and rather broad signal does not allow a further precise discussion of the in-plane Y 2 O 3 lattice parameter constant. In addition, five Sc 2 O 3 reflections are detected at K = 0.83, 1.66, 2.49, 3.32, and 4.98 r.l.u. These peaks are attributed to Sc 2 O 3 ͑211͒, ͑422͒, ͑633͒, ͑844͒, and ͑1266͒ Bragg peaks, respectively. The lattice constant calculated from the high order Sc 2 O 3 ͑844͒ peak position agrees with the fully relaxed cubic lattice and is 9.50 Å. Diffraction signals of the GaN layer are found at K = 1.19, 2.38, 3.57, and 4.76 r.l.u. and are attributed to the GaN͑1010͒, ͑2020͒, ͑3030͒, and ͑4040͒ Bragg peaks, respectively. Furthermore, the bulk sensitive scan nicely demonstrates the role of the oxide buffer as lattice mismatch mediator: its Y 2 O 3 ͑844͒ and Sc 2 O 3 ͑844͒ Bragg peaks are situated between Si͑422͒ and GaN͑3030͒ diffraction signals. The following conclusions can be drawn.
• It is seen from the position of the Si͑422͒ and A second in-plane scan was performed along the K direction in the surface sensitive mode at ␣ i = 0.1°͑Fig. 2͒. Based on the fact that the diffraction signals from Si and buffer oxides are fully suppressed and only four GaN reflections are visible, it is clearly demonstrated that the epitaxial GaN forms a closed layer on a global scale. From the position of the GaN Bragg peaks, it can be stated that the 30 nm thick GaN film exhibits a tensile strain of the hexagonal GaN unit cell by about 0.6% ͑a GaN bulk = 3.18 Å, a GaN layer = 3.20 Å͒. The in-plane tensile stress is probably exerted by the bigger oxide buffer/Si heterostructure underneath.
The out-of plane Phi ͑͒ scans, shown in Fig. 3 , were carried out across Si͕111͖, Y 2 O 3 ͕222͖, Sc 2 O 3 ͕222͖, and GaN͕1011͖ reflections to determine the stacking configuration of the heterostructure. These measurements were accomplished by fixing the diffraction angle 2 and the inclination angle to the desired reflection and performing in-plane 360° scans around the Si͓111͔ surface normal. The threefold off-plane symmetry of the Si͑111͒ and cubic ͑111͒ oxide films is evident from the observed 120°spacing between Si and oxides reflections, respectively. Furthermore, the 60°off-set between Si͕111͖, Y 2 O 3 ͕222͖, and Sc 2 O 3 ͕222͖ Bragg peaks indicate that the oxides grow epitaxially on Si͑111͒ with a type-B orientation. 33 Here, let us recall that type-A denotes a ͑111͒-oriented fcc-like epilayer, whose ͑111͒ planes exhibit the same stacking vector as the Si͑111͒ substrate. On the contrary, type-B refers to the case in which a stacking fault at the epilayer/Si͑111͒ interface rotates the stacking vector in the growing film by 180°around the Si͑111͒ surface normal. The detected 60°spacing between GaN͕1011͖ reflections confirms the hexagonal symmetry of the GaN unit cell. Moreover, no additional reflections, which would indicate the presence of misoriented grains ͑e.g., inclusion of cubic GaN͒ or possible mixed phases ͑due to, e.g., interface reactions͒ are observed. However, the diffuse scattering around the GaN Bragg peaks clearly indicates the presence of defects causing a tilt and twist of the GaN lattice.
Here, we restrict ourselves to the analysis of the diffuse scattering around the oxide Bragg peaks in Fig. 4 to evaluate the presence of structural defects of preferred orientation, e.g., stacking faults on ͕111͖ planes in the oxide buffer. It was shown by Zaumseil and co-workers 31 that such stacking faults can be identified in the RSMs of bixbyite oxide ͑222͒ Bragg peaks ͑e.g., Pr 2 O 3 ͒ by elongated streaks along ͕111͖ directions. To discuss this in more detail, an equivalent RSM in the HL plane is shown in Fig. 5 buffer that such diffuse scattering streaks are absent. In other words, the density of extended defects in the ͕111͖ slip planes of the oxide thin film structure ͑e.g., stacking faults͒ is below the detection limit even of modern 3rd generation highly sensitive XRD studies. This study demonstrates that the novel engineered Sc 2 O 3 / Y 2 O 3 buffer approach on Si͑111͒ provides a template of high structural quality for GaN overgrowth. The strain state of the oxide layers can be analyzed by means of an XRD technique which identifies the presence of tetragonal distortions in heteroepitaxially grown cubic layers. This method is based on calculating a cubic unit cell lattice constants from differently tilted diffracting netplanes. 34 The angle is the angle between the sample surface ͑111͒ and the tilted ͑h k l͒ netplane. Assuming an undistorted cubic lattice, a hypothetical cubic unit cell constant is calculated from 
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Sc 2 O 3 film on Y 2 O 3 / Si͑111͒ support achieves its bulk unit cell constant so that the lattice misfit between GaN and Sc 2 O 3 is reduced to the smallest possible value. Second, the theoretical lattice mismatch of Ϫ7% between the oxide layers must be relaxed by the formation of a network of MD at the oxide/oxide interface. This is investigated in more detail by cross-sectional TEM images ͑in Si͗110͘ direction͒ shown in Fig. 7 . The TEM image shown in Fig. 7͑a͒ confirms the closed nature of the GaN layer. The thicknesses of the layers constituting the heterostructure are well in line with the values extracted from XRR. Figure 7͑b͒ shows a high magnification image of the interface regions between the Y 2 O 3 and Sc 2 O 3 as well as the Sc 2 O 3 and GaN layers. At the interface between the buffer oxides, MD are clearly visible. The formation mechanism of such defect is illustrated in Fig. 7͑c͒ 35 The TEM cross section confirms also that the buffer oxides are type-B with respect to the Si substrate ͑as it was derived by the scans in Fig. 3͒ . This can be seen from the stacking faults at the Y 2 O 3 / Si͑111͒ boundary, as explained in more detail in Ref. 36 . Finally, based on the TEM study it is concluded that no interface reactions are formed either between Si and Y 2 O 3 or between Sc 2 O 3 and GaN.
Further information regarding the quality of the heterostructure can be extracted from the RSMs shown in Figs. 8͑a͒ and 8͑b͒. Note that the RSM is obtained by taking a series of scans at successive -2 values and presenting the results as a map. In order to plot such a map, the angles from radial and angular scans are converted into reciprocal lattice units. Figure 8͑a͒ shows the RSM of the out-of-plane Si͑111͒, Y 2 O 3 ͑222͒, Sc 2 O 3 ͑222͒, and GaN͑0002͒ reflections. The coordinates Q z and Q x can be expressed as: Q z = ͓sin͑͒ + sin͑2 − ͔͒ / , Q x = ͓cos͑2 − ͒ − cos͔͑͒ / ͑Ref. 37͒ and point in the Si͓111͔ and Si͓211͔ directions in real space, respectively. It is noted that the Y 2 O 3 ͑222͒ Bragg peak is too weak to be analyzed and it is not further discussed. It is seen that Sc 2 O 3 ͑222͒ and GaN͑0002͒ peaks show an anisotropic shape with smaller and bigger full width at half maximum ͑FWHM͒ values in the Q z and Q x directions, respectively. The broadening of the peaks in the Q z and Q x directions can be caused by a vertical strain variation and out-of plane lattice tilt, respectively. In addition, to gain deeper insights in the structural perfection of the Sc 2 O 3 and GaN film, a Williamson Hall analysis was performed. 38 For this analysis, besides the RSM in Fig. 8͑a͒ , radial and angular scans were measured for the investigation of higher order reflections. The out-of-plane results of this method are presented in Fig. 8͑b͒ . Here, the FWHM values ⌬Q z and ⌬Q x for Sc 2 O 3 ͑222͒, ͑444͒, ͑666͒ and GaN͑0002͒, ͑0004͒, ͑0006͒ are plotted as a function of peak position Q z in reciprocal space and linear regressions for each of the four data sets were performed. The intercept resulting from fitting the ⌬Q z ͑⌬Q x ͒ data is inversely proportional to the domain sizes D z ͑D x ͒ in the Q z ͑Q x ͒ direction, respectively. From the slope of the linear fits of ⌬Q z and ⌬Q x , the average vertical strain variation and the tilt of the mosaic blocks, respectively, can be obtained. tation of the microstrain ͑broadening of the x-ray peaks͒ which is a distinctly different phenomenon from the peak shift caused by residual strain. 39 The Sc 2 O 3 and GaN domain sizes in the Q x direction are 36 nm for both layers. From the slope of the ⌬Q x values, the GaN lattice tilt is found to be 2.1°, which is about three times higher than the lattice tilt in the Sc 2 O 3 buffer layer ͑0.6°͒. It is noted that the tilt angle of about 2.1°is probably a manifestation of a relatively high screw dislocation content in the GaN film. 37, 40 The RSM of the in-plane Si͑422͒, Y 2 O 3 ͑844͒, Sc 2 O 3 ͑844͒, and GaN͑3030͒ reflections is shown in Fig.  8͑c͒ . Here, the Q x and Q y can be expressed as: Q x = ͓sin͑͒ + sin͑2 − ͔͒ / , Q y = ͓cos͑2 − ͒ − cos͔͑͒ / and correspond to the Si͓211͔ and Si͓110͔ directions the real space, respectively. Similarly to the RSM shown in Fig. 8͑a͒ , the Sc 2 O 3 ͑844͒ and GaN͑3030͒ peaks exhibit an anisotropic shape with FWHMs higher in Q y than in Q x direction. In the present case, the broadening of the peaks in the Q x and Q y directions can be a reflection of an in-plane strain variation and in-plane lattice twist, respectively. The Williamson-Hall analysis for the in-plane scans is shown in Fig. 8͑d͒ . In this case, the ⌬Q x and ⌬Q y values for Sc 2 O 3 ͑211͒, ͑422͒, ͑844͒ and GaN͑1010͒, ͑2020͒, ͑3030͒ peaks were measured. Based on these measurements, the Sc 2 O 3 domain sizes in the Q x and Q y directions are found to be 42 nm and 38 nm, respectively. The corresponding values for GaN are 31 nm and 37 nm, respectively. The slope of the linear fits of ⌬Q x and ⌬Q y provides information about the average in-plane strain variation and the twist of the mosaic blocks, respectively. For the Sc 2 O 3 layer, the in plane strain variation and the twist angle amount to 0.7% and 1.6°, respectively. For the GaN layer the in-plane strain variation is 1.3%, and the twist amounts to 2.4°. The twist angle of about 2.4°is probably a manifestation of a relatively high edge dislocation content in the GaN film. 37, 40 Based on the above Williamson Hall analysis, it is concluded that the thin GaN layer is characterized by larger strain variations and higher values of lattice tilt and twist in comparison with the Sc 2 O 3 buffer layer.
IV. CONCLUSIONS
In summary, a "proof of principle" study to integrate single crystalline GaN on the Si͑111͒ platform via an engineered Y 2 O 3 / Sc 2 O 3 buffer system was demonstrated by advanced laboratory and synchrotron-based XRD measurements. Specular -2 scans reveal that the vertical growth orientation of the heterostructure is GaN͑0001͒ / 3 and Sc 2 O 3 buffer oxides are of type-B stacking orientation with respect to the Si͑111͒ substrate and are fully relaxed. The 7% lattice mismatch between the oxides is compensated by edge dislocations formed by insertion of additional ͕111͖ planes in the Sc 2 O 3 thin film. Diffuse x-ray scattering studies using a 3rd generation synchrotron source prove that densities of extended structural defects of preferred ͕111͖ orientation in the Sc 2 O 3 layer are below the detection limit. In other words, the novel engineered linity is related to the quality of the initial nucleation layer and in particularly to the nature of the atomic bonding between Sc 2 O 3 and GaN. 41, 42 Therefore, in situ growth studies by reflection high-energy electron diffraction, X-ray photoemission spectroscopy ͑XPS͒, and ultraviolet photoemission spectroscopy are under way to unveil the mostly unknown growth behavior of GaN on Sc 2 O 3 . Furthermore, the optimization of the initial GaN island coalescence process, similar to the nucleation phase of GaN on sapphire substrates, 43 is important to improve in future studies the defect densities of GaN layers. These future studies, in combination with thermal mismatch engineering, are of special importance to evaluate the technological potential of the GaN integration approach via Sc 2 O 3 / Y 2 O 3 buffers on Si͑111͒ with respect to the state-of-the-art in GaN fabrication on foreign substrates ͑such as SiC and sapphire͒. 
